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Abstract
The expression of GABAA receptors in Xenopus oocytes injected with rat brain mRNA was studied by
immunocytochemistry and evaluation of the distribution of fluorescent probes at the confocal microscope. The L2=3 subunit
distributed exclusively on the membrane at the animal pole of the oocytes. Treatment of oocytes for 20 min with the protein
tyrosine kinase inhibitor genistein, 200 WM, resulted in a lower presence of GABAA receptors on the membrane. The inactive
genistein analogue daidzein, 200 WM, had no effect even with a 30 min treatment. Alkaline phosphatase but not a protein
tyrosine phosphatase, when injected into oocytes, reduced GABAA receptor membrane expression. The data indicate that
protein tyrosine phosphorylation modulates the expression on the plasma membrane of presynthesized GABAA
receptors. ß 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction
The level of tyrosine phosphorylation appears to
be an important factor for the correct expression of
neurotransmitter amino acid receptors. This applies
to glutamate NMDA receptors [1] as well as to
GABAA receptors [2,3]. Moreover, other groups
have reported that protein tyrosine kinase (PTK) ac-
tivation results in an increased GABAA receptor ac-
tivity [4,5].
Our own group has demonstrated that treatment
of cerebellar granule cells with a tyrosine kinase in-
hibitor, genistein, induces a partial rundown of
GABAA receptor activity [3]. A possible mechanism
of GABAA receptor rundown may be a decreased
membrane expression of the receptors. This possibil-
ity is partially supported by the fact that in hippo-
campal neurons in culture stimulation of protein ty-
rosine kinase activity results in an increased
membrane vs. cytoplasmic presence of GABAA re-
ceptors [2].
In the present experiments we addressed whether a
block of protein tyrosine phosphorylation actually
results in a decreased localization of GABAA recep-
tors on the plasma membranes. The system we used
is that of recombinant GABAA receptors expressed
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in Xenopus oocytes after rat brain mRNA injection.
The data indicate that a block of PTK actually re-
sults in a decreased presence of GABAA receptors on
the surface of mRNA injected oocytes.
2. Materials and methods
2.1. Poly(A)+ RNA preparation from rat brain
Total RNA was prepared from rat brain (male and
female Sprague^Dawley rats, weighing 250^400 g).
Brain total RNA was extracted by a single step
method using the Ultraspec RNA preparation me-
dium (Biotecx, Houston, TX, USA).
Poly(A) RNA was then puri¢ed by passage of
total RNA on oligo(dT)-cellulose columns in high
ionic strength bu¡er and subsequent elution in a
low ionic strength bu¡er [6].
2.2. Oocyte preparation and microinjection
Stage V and VI oocytes were removed from adult
Xenopus laevis females by partial ovariectomy
through a small incision in the abdomen to one
side of the midline and freed of follicular cell enve-
lopes by collagenase (1 mg/ml) treatment.
Oocytes were microinjected with 50 nl of total
poly(A) RNA (2 ng/nl in sterile distilled water),
puri¢ed from rat brain. Injected oocytes were
cultured at 19‡C, for about 3 days, in modi¢ed
Barth’s saline (88 mM NaCl, 1 mM KCl, 2.4 mM
Na HCO3, 0.82 mM MgSO4, 0.33 mM Ca(NO3)2,
0.41 mM CaCl2, 10 mM HEPES; pH 7.4) supple-
mented with penicillin (10 000 U/ml) and streptomy-
cin (10 mg/ml).
2.3. Immunolabeling
Cells were ¢xed in 3.7% paraformaldehyde in PBS
bu¡er (0.01 M, pH 7.4) for 3 h, washed three times
for 10 min each with bovine serum albumin (BSA)
3% in the same bu¡er and incubated overnight at
4‡C with the monoclonal antibody against L2=3 sub-
units of the GABAA receptor (clone bd17), concen-
tration 1.5 Wg/ml. Cells were washed in BSA 3% in
PBS three times for 10 min each, incubated for 3 h at
25‡C with anti-mouse IgG secondary antibody con-
jugated with Oregon green 488 (dilution 1/200),
washed three times in PBS bu¡er and mounted in
glycerol/bu¡er (70:30). In additional experiments oo-
cytes were permeabilized with 0.1% Triton X-100.
Controls were: (1) uninjected oocytes either non-
incubated or incubated with both monoclonal anti-
L2=3 subunits and secondary antibody; (2) injected
oocytes either non-incubated or incubated only
with the £uorescent secondary antibody.
2.4. Double labeling
In order to verify that GABAA receptors were lo-
calized on the cell surface, occasionally cells were
stained with Triticum vulgaris agglutinin conjugated
with tetramethylrhodamine isothiocyanate (WGA-
TRITC) which labels cell surface. In particular ¢xed
cells previously labeled with anti-L2=3 subunits and
Oregon green 488 secondary antibody were incu-
bated with 200 Wg/ml WGA-TRITC for 60 min at
room temperature, then washed with PBS bu¡er and
mounted in glycerol/bu¡er.
2.5. Treatments of oocytes
In the various instances, the oocytes were treated
as follows.
1. Incubation at 25‡C in 100 WM genistein for 20^
60 min, or in 150 WM genistein for 20 min, or in
200 WM genistein for 1, 5, 20 and 30 min; genis-
tein was previously dissolved in DMSO as a
100 mM stock solution and added to the Barth
solution to obtain the ¢nal concentration.
2. Incubation at 25‡C with 200 WM daidzein for
30 min. Daidzein was also dissolved in DMSO
and added to the Barth solution.
3. Incubation at 25‡C in 20 ng/ml insulin-like growth
factor-I (IGF-I) in Barth solution for 20 min, or
in 40 ng/ml IGF-I for 60 min.
4. Injection with 50 nl of 10 mg/ml bovine intestinal
mucosa alkaline phosphatase in 10 mM HEPES
and ¢xation 20 min after injection, or injection
with 50 nl of 20 mg/ml alkaline phosphatase and
¢xation 60 min after injection.
5. Injection with 50 nl of human T cell protein tyro-
sine phosphatase, 8000 U/ml at a speci¢c activity
of 30 000 U/mg protein, and ¢xation 60 or 90 min
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after injection. One unit (U) is the amount of
enzyme which can hydrolyze 1 nmol/min of
pNPP at 30‡C, pH 7.0.
Thereafter, the treated cells were processed for im-
muno£uorescence.
2.6. Image acquisition
The oocytes were imaged using a confocal laser
scanning microscope Nikon PCM2000 (Nikon
Instr., Florence, Italy), described in detail elsewhere
[7]. Oregon green and TRITC were excited at 488 nm
and 543 nm using an argon ion and a He-Ne laser
respectively. Fluorescence was collected at 530 nm
and 590 nm, respectively, using a dichroic ¢lter
operating at a separation wavelength of 565 nm
on the emission path. Moreover, two selective emis-
sion ¢lters have been inserted, namely 515/30 nm
and 590/60 nm. Both ¢lters are HQ series by Chroma
and are centered on 515 nm and 590 nm with a
bandwidth of 30 nm and 60 nm, respectively. We
used £uor dry objectives 4x/Na = 0.13 or 10x/
Na = 0.25 coupled to strict confocal pinhole condi-
tion [8].
The oocytes were placed in a small bubble of phys-
iological solution on 0.17 mm thick coverslips. The
animal and vegetal hemispheres were positioned ac-
cording to the sketch given in Fig. 1 (left).
EZ2000 (Coord, Amsterdam, The Netherlands)
software was used for acquisition, storage and visual-
ization.
2.7. Image analysis
For £uorescence intensity measurements the ani-
mal pole was successively selected and a problem
tailored routine was used. The de¢nition of the re-
gion of interest (ROI) has been made according to
Fig. 1 (middle and right). The number of pixels for
averaging was set constant and the intensity averaged
value was linearly corrected for the PMT gain pa-
rameter. We de¢ned the ROI value considering the
x-y-z parameters of our system and the sampling
(typical: 3-3-25 Wm/pixel) performed during scan-
ning. For each sample we selected the optical plane
in the middle of the optical stack and referring to the
whole sample; because acquisitions were limited to
one half of the sample thickness we were at about
one quarter of its diameter (0.25 mm). We also
checked our results considering the integrated £uo-
rescence intensity for each collection of optical slices
and the £uorescence in the middle plane of the sam-
ple itself (i.e. the last optical section). Thus, the in-
tensity values reported in Fig. 7 are related to the
average among the averaged values for each sample.
Data were plotted and statistical analysis per-
formed using an unpaired Student’s t-test (GraphPad
Prism version 2.01, GraphPad software). The criteri-
on for signi¢cance was set at P9 0.05.
2.8. Chemicals
Oregon green 488 goat anti-mouse IgG (H+L) was
Fig. 1. (Left) Oocyte orientation on the stage of the confocal microscope. We always placed the oocyte with its animal pole on the
right side and the vegetal pole on the left. (Middle) A typical £uorescence image of the oocyte with GABAA receptors labeled with
Oregon green. (Right) Enlargement of a region of the previous image: the 76 pixel circle, indicated by the arrow, represents the typi-
cal placement of the ROI circles along the animal pole.
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obtained from Molecular Probes (Eugene, OR,
USA). The anti-GABAA receptor L2=3 chain (clone
bd17) was purchased from Boehringer (Mannheim,
Germany). Human T cell protein tyrosine phospha-
tase was obtained from Calbiochem (CA, USA). Bo-
vine intestinal mucosa alkaline phosphatase, phos-
phate bu¡er, collagenase type IA, penicillin^
streptomycin solution stabilized, BSA, WGA-
TRITC, and the other chemicals were from Sigma
(St. Louis, MO, USA). Oligo(dT)-cellulose was pur-
chased from Gibco Life Technologies (Gaithersburg,
MD, USA).
3. Results
We observed that oocytes injected with RNA or
bu¡ers, uninjected oocytes and oocytes incubated
with di¡erent drugs exhibited auto£uorescence at
the vegetal pole, both in red and green channels.
Because we were interested in examining GABAA
receptor distribution on the cell surface, we stained
the oocytes with the anti-GABAA receptor L2=3 chain
(clone bd17) and then with Oregon green 488 goat
anti-mouse IgG (H+L), the secondary antibody. In
order to exclude inner sites for antibody attachment,
which allowed £uorescence to enter the oocytes, we
permeabilized the cells with 0.1% Triton X-100.
Fluorescence in this case was present in a thin super-
¢cial layer at the animal pole. Fluorescence did not
enter the oocytes. We observed a strong £uorescence
on the surface at the animal pole, whereas it was
almost absent at the vegetal pole. The intensity of
£uorescence, i, measured in arbitrary units by the
method described in Section 2, was i = 139 þ 24
(n = 8) for the animal pole and i = 30 þ 14 (n = 8) for
the vegetal pole. Fig. 2 is made up of serial optical
sections up to about 990 Wm, collected at 24.75 Wm
intervals and displayed every eight optical sections,
membrane and through the middle of the cell.
In order to be sure that GABAA receptor local-
ization was on the cell surface, some cells were
stained adding WGA-TRITC which labels the cell
surface (see Fig. 3a). In Fig. 3b, using double label-
ing (green for GABAA receptors labeled with Oregon
green and red for surface sugars labeled with WGA-
Fig. 2. Confocal images of GABAA receptor distribution on X. laevis oocytes. Oocytes were microinjected with total poly(A) RNA.
After at least 72 h, they were ¢xed and immunolabeled with the monoclonal antibody against L2=3 subunits of the GABAA receptor
(clone bd17) plus the anti-mouse IgG secondary antibody conjugated with Oregon green 488. This is a gallery of one optical section
every eight in the stack (total stack extension is up to about 990 Wm, sections are displayed at 198 Wm intervals). Bar = 0.5 mm.
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TRITC) we observed GABAA receptors to be local-
ized at the animal pole surface, while red £uores-
cence, associated with WGA-TRITC, was localized
all over the oocytes and appeared stronger at the
vegetal pole surface.
In the second stage of the experiments, we studied
the e¡ects of genistein on the membrane localization
of GABAA receptors. In Fig. 4 we show that whereas
a 20 min treatment with 100 WM genistein (Fig. 4c vs.
4a) does not in£uence GABAA receptor distribution,
200 WM genistein does (Fig. 4d vs. 4a). This e¡ect is
most probably due to a blockade of PTKs since 200
WM daidzein, an inactive genistein analogue, does
not a¡ect GABAA receptors even with a 30 min in-
cubation (i = 139 þ 22, n = 4; Fig. 4b vs. 4a).
Additional experiments, not presented here,
showed that 100 WM genistein, even applied for 60
min, had no e¡ect (i = 115 þ 31, n = 4, data not
shown). In addition, using an intermediate genistein
concentration of 150 WM applied for 20 min, no ef-
fect was observed either. Complete disappearance of
£uorescence was found instead after 30 min treat-
ment with 200 WM genistein, as could be surmised
from the e¡ect of the same genistein concentration
with a 20 min application (see Fig. 4d).
Finally, we studied the e¡ects of shorter incuba-
tions with 200 WM genistein (see Fig. 5). Whereas a
20 min treatment gave the usual decrease (i = 94 þ 21,
n = 7; P6 0.05) of cell surface receptors (Fig. 5d), at
shorter times (1 and 5 min) no change was found
compared to the control (Fig. 5b,c).
Incubation with 20 ng/ml of IGF-I for 20 min had
no e¡ect on the £uorescence intensity as no e¡ect
was found with 40 ng/ml for 60 min (data not pre-
sented here).
Oocytes injected with 50 nl of a solution of 10 mg/
ml of alkaline phosphatase and ¢xed 20 min after
injection showed no di¡erence from the controls,
whereas those injected with 50 nl of 20 mg/ml alka-
line phosphatase and ¢xed 60 min after injection
showed a signi¢cantly weak decrease in £uorescence
(i = 98 þ 17, n = 6; P6 0.05) (see Fig. 6b).
Oocytes injected with 0.4 unit of protein tyrosine
phosphatase and ¢xed 60 min after injection showed
no di¡erence from the controls (i = 140 þ 19, n = 4)
(see Fig. 6c).
The main overall data are reported in Fig. 7,
which shows the levels of £uorescence, in arbitrary
units (see Section 2), for the control and the various
treatment groups. The control represents mRNA in-
Fig. 3. Two di¡erent images on the middle plane of the same
oocyte labeled with the addition of WGA-TRITC (red £uores-
cence). (a) Confocal image obtained acquiring only the red
component, illustrating WGA-TRITC distribution on the whole
oocyte surface. (b) Confocal image acquired using both red and
green channels, showing the presence of GABAA receptors
(green) restricted to the animal pole of the oocyte. Bar = 0.5
mm.
Fig. 4. Representative confocal images showing GABAA receptor distribution in control (a), after 30 min of incubation with daidzein
200 WM (b), the e¡ect of 100 WM (c) and 200 WM (d) genistein after 20 min of incubation. Bar = 0.5 mm.
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jected oocytes which were only in Barth solution all
the time before ¢xation and treatment with antibod-
ies.
4. Discussion
The use of Xenopus oocytes for the characteriza-
tion of recombinant mammalian GABAA receptors
dates back to the 1980s [9,10]. This heterologous
system cannot a priori be assumed to reproduce
faithfully native neuronal receptors [11]. However,
the expression of recombinant GABAA receptors of
de¢ned subunit compositions in such oocytes has
yielded precious information about the characteris-
tics of receptors of di¡erent subunit compositions.
Actually, an early such work has given a useful refer-
ence paradigm of correlation between composition
and function of GABAA receptors [12]. Since then,
numberless studies have used the Xenopus oocyte ex-
pression system in order to characterize particular
GABAA receptor subunit compositions in functional
and pharmacological terms [13^17]. In addition,
biochemical regulation of recombinant mammalian
GABAA receptor expression has often been studied
in the Xenopus oocyte system [18^20]. In particular,
the thorough work of Krishek et al. [18] showed
that recombinant GABAA receptors either expressed
in human embryonic kidney cells or in Xenopus
oocytes were similarly modulated by protein kinase
C.
For these reasons we undertook the present study
of the regulation of recombinant receptor expression
in Xenopus oocytes with the goal of obtaining data
Fig. 5. E¡ect of 200 WM genistein on oocytes with various incubation times. In panels b and c, after respectively 1 and 5 min of gen-
istein incubation, there is no change in £uorescence with respect to the control (a). In panel d, corresponding to a 20 min incubation,
the £uorescence decrease is marked in comparison with the control (a). Bar = 0.5 mm.
Fig. 6. X. laevis oocytes expressing rat GABAA receptors: not treated (a), injected with 50 nl of 10 mg/ml alkaline phosphatase and
¢xed 60 min after injection (b), injected with 50 nl of 8000 U/ml protein tyrosine phosphatase and ¢xed 90 min after injection (c).
Bar = 0.5 mm.
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which may be useful also for understanding the reg-
ulation of neuronal receptors.
Functional expression of amino acid neurotrans-
mitter receptors is regulated by the tyrosine phos-
phorylation state. Neuronal NMDA-type glutamate
receptors are downregulated by protein tyrosine
phosphatase and genistein, both in whole cell and
single channel studies [1]. Referring to GABAA re-
ceptors, it has been shown [2] that increased PTK
activity in hippocampal neurons results in a passage
from the cytoplasmic receptor pool to the one ex-
pressed on the cell surface. Results from experiments
performed by our group showed that the rundown of
GABAA receptors of cerebellar granules registered in
the whole-cell con¢guration is prevented by vana-
date, a blocker of protein tyrosine phosphatases [3].
Taken together these results may suggest that the
tyrosine phosphorylation state of either GABAA re-
ceptors or of related proteins in£uences their surface
expression. In the case of muscle nicotinic ACh re-
ceptors it has been shown that their aggregation and
clustering at the muscular junction are controlled via
protein tyrosine phosphorylation of either subunits
of the receptor or associated proteins [21^25].
The data we present here about recombinant rat
brain GABAA receptors expressed in Xenopus oo-
cytes show that blockade of endogenous PTK activ-
ity in oocytes results in a reduced cell surface expres-
sion of such receptors, as studied with labeled
monoclonal antibodies against the L2=3 subunit. The
e¡ect became apparent at 200 WM genistein with an
adequate treatment time, at least 20 min. That the
genistein e¡ect is actually via a block of PTK is
con¢rmed by the absence of an e¡ect by its inactive
analogue, daidzein, at 200 WM for 30 min.
These results appear to give further basis to the
idea, outlined above, that a right level of tyrosine
phosphorylation of either GABAA receptors them-
selves or of interacting protein is necessary for the
correct surface expression of these receptors. No ef-
fect was found treating the oocytes with IGF-I, a
factor likely to further increase the protein tyrosine
phosphorylation state. This means that endogenous
basal PTK activity is su⁄cient for the full expression
of recombinant GABAA receptors.
However, whereas the alkaline phosphatase e¡ect
may con¢rm the conclusions above, the lack of any
e¡ect by the injection into the oocytes of a protein
tyrosine phosphatase (PTP) seems to contradict
them. On the other hand, the contradiction may be
only apparent. The absence of an e¡ect by exogenous
PTP at this concentration may be in fact related to
an already high activity of the endogenous PTPs.
Alternatively, the speci¢city of the human T cell
PTP may be di¡erent from that required for dephos-
phorylation of tyrosine in the protein(s) involved.
As a ¢nal remark, although our present data
underline the importance of protein tyrosine kinase
activity for a proper GABAA receptor membrane
expression, they cannot pinpoint whether the tyro-
sine phosphorylated protein is within the GABAA
receptors or is a di¡erent protein, which interacts
with those receptors.
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